We developed a novel simple cDNA normalization method [termed duplex-speci®c nuclease (DSN) normalization] that may be effectively used for samples enriched with full-length cDNA sequences. DSN normalization involves the denaturation±reassociation of cDNA, degradation of the double-stranded (ds) fraction formed by abundant transcripts and PCR ampli®cation of the equalized single-stranded (ss) DNA fraction. The key element of this method is the degradation of the ds fraction formed during reassociation of cDNA using the kamchatka crab DSN, as described recently. This thermostable enzyme displays a strong preference for cleaving ds DNA and DNA in DNA±RNA hybrid duplexes compared with ss DNA and RNA, irrespective of sequence length. We developed normalization protocols for both ®rst-strand cDNA [when poly(A) + RNA is available] and ampli®ed cDNA (when only total RNA can be obtained). Both protocols were evaluated in model experiments using human skeletal muscle cDNA. We also employed DSN normalization to normalize cDNA from nervous tissues of the marine mollusc Aplysia californica (a popular model organism in neuroscience) to illustrate further the ef®ciency of the normalization technique.
INTRODUCTION
cDNA libraries rich in clones containing complete coding sequences with 5¢ and 3¢ untranslated regions (UTRs) can be used to obtain entire sequence information for each transcript in a single cloning step, which is invaluable for high-throughput transcriptome analysis. A number of methods have been developed for cDNA library preparations enriched with full-length sequences (1±7). However, one well recognized obstacle of the ef®cient high-throughput analysis of these libraries is the differential abundance of various transcripts in any particular cell type. Usually, 10±20 abundant genes (several thousand mRNA copies per cell) account for at least 20% of the cellular mRNA mass, several hundred genes of medium abundance (several hundred mRNA copies per cell) comprise 40±60% of the mRNA mass, and several thousand rare genes (<10 mRNA copies per cell) may account for 20±40% of the mRNA mass (8) . Hence, straightforward random sequencing of clones from standard cDNA libraries is inef®cient for discovering rare transcripts, owing to the repeated occurrence of intermediately and highly abundant cDNA. Decreasing the prevalence of clones representing abundant transcripts before sequencing by normalization of cDNA libraries may signi®cantly increase the ef®ciency of random sequencing and is essential for rare gene discovery.
The normalization process generally utilizes second-order reaction kinetics of reassociation of denatured DNA, so that relative transcript concentrations within the remaining singlestranded (ss) cDNA fraction are equalized to a considerable extent (9) . The normalization methods described to date (8,10±18) are distinct from those used to isolate this ss fraction. The techniques proposed to achieve this goal include separation of the ss and double-stranded (ds) fractions using hydroxylapatite columns (10±12) or magnetic beads (8, 16) , digestion of the ds fraction by restriction endonucleases (14) and ampli®cation of the ss fraction using suppression PCR (18±20). However, the majority of the earlier methods are unsuitable for normalization of full-length cDNA. Procedures based on the reassociation of ampli®ed plasmid libraries (12, 13, 15, 17) are not appropriate for long cDNA normalization, due to the loss of long inserts during cloning and ampli®cation of the plasmid library. The suppression PCRbased method that is widely used in subtractive hybridization (18±21) is only applicable to short (restriction endonucleasetreated) cDNA fragments, since the suppression is not effective for long DNA molecules. The use of restriction endonucleases to digest the ds fraction (14) often results in loss of transcripts that tend to form secondary structures. Solid matrix-based methods (16, 22) are generally not ef®cient enough, since the hybridization kinetics of nucleic acids immobilized on a solid phase are slower than those in solution (9) .
The only method proposed for full-length cDNA normalization is the`normalization and subtraction of Cap-Trapperselected cDNA' (8) . In this method, Cap-trapper-prepared ®rst-strand cDNA is equalized during reassociation in the presence of biotinylated mRNA from the same source. Bio-RNA/cDNA hybrids are removed using magnetic beads. The Cap-Trapper method comprises multiple steps, involving the physical separation of the target cDNA fraction, and requires a large quantity of poly(A) + RNA.
In this report, we describe a simple cDNA normalization method [termed duplex-speci®c nuclease (DSN) normalization] that utilizes the recently described (23) DSN from kamchatka crab (Paralithodes camtschaticus). Our technique ef®ciently normalizes cDNA samples enriched with fulllength sequences, does not include laborious physical separation procedures and requires minimum hands-on time.
MATERIALS AND METHODS

DSN puri®cation
The DSN enzyme was puri®ed from kamchatka crab hepatopancreas, as described previously (23) . The puri®ed DSN is available commercially from Evrogen JSC.
Skeletal muscle cDNA preparation
First-strand cDNA was prepared from poly(A) + skeletal muscle RNA (Clontech) using a SMARTÔ PCR cDNA Synthesis Kit (Clontech), according to the manufacturer's protocol. SMARTÔ Oligo II and CDS primers (Clontech) were used for ®rst-strand cDNA synthesis.
To prepare non-normalized skeletal muscle cDNA, ®rst-strand cDNA was ampli®ed with PCR primer provided in the SMARTÔ PCR cDNA Synthesis Kit (Clontech). The PCR mixture (50 ml) contained 1Q Advantage 2 Polymerize mix (Clontech), 1Q Advantage 2 PCR reaction buffer (Clontech), 200 mM dNTPs, 0.3 mM primer and 3 ng ®rst-strand cDNA. Fourteen PCR cycles (95°C for 7 s, 65°C for 20 s, 72°C for 3 min) were performed. The resulting cDNA was used for preparing a plasmid non-normalized cDNA library and the normalization of ampli®ed cDNA.
Preparation of ampli®ed cDNA from central neurons of Aplysia californica
The central nervous systems (CNS) were dissected from eight molluscs, and giant metacerebral cells were acutely isolated and immediately subjected to total RNA isolation, followed by cDNA synthesis and ampli®cation, as described by Matz (24) . Brie¯y, ®rst-strand cDNA was synthesized using the T-RSA (5¢-CGCAGTCGGTACTTTTTTTTTTTTT-3¢) primer. Following second-strand cDNA synthesis, the Lu4-St1RsaM adapter (5¢-CGACGTGGACTATCCATGAACGCAACTCT-CCGACCTCTCACCGAGTACG-3¢) was ligated and cDNA was ampli®ed by PCR with T-RSA and Lu4M (5¢-CGT-GGACTATCCATGAACGCA-3¢) primers, using the Advantage 2 PCR Kit (Clontech). Twelve PCR cycles (95°C for 7 s, 65°C for 20 s, 72°C for 3 min) were performed.
First-strand cDNA normalization
Upon completion of ®rst-strand cDNA synthesis, the reaction mixture was precipitated with ethanol and dissolved in milliQ water to a ®nal cDNA concentration of~100 ng/ml. A 1.5 ml aliquot of this solution was mixed with 1 ml of 4Q hybridization buffer (200 mM HEPES pH 7.5, 2 M NaCl, 0.8 mM EDTA) and 1.5 ml of milliQ water, overlaid with mineral oil, heated at 98°C for 3 min and allowed to hybridize at 70°C. After 4 h of incubation, 5 ml of 2Q DSN buffer (100 mM Tris±HCl pH 8.0, 10 mM MgCl 2 , 2 mM dithiothreitol) preheated to 70°C was added to the reaction mixture. Next, 0.25 Kunitz units of DSN enzyme were added to the reaction and incubation was continued for 20 min. DSN was subsequently inactivated by the addition of 10 ml of 5 mM EDTA.
To amplify the normalized ssDNA fraction remaining after DSN treatment, 2 ml of reaction mixture was used for PCR in a 50 ml reaction volume containing 1Q Advantage 2 Polymerize mix (Clontech), 1Q Advantage 2 PCR reaction buffer (Clontech), 200 mM dNTPs and 0.3 mM CapM primer (5¢-CAAGCAGTGGTATCAACGCAG-3¢). Twenty PCR cycles (95°C for 7 s, 65°C for 20 s, 72°C for 3 min) were performed.
Normalization of SMART-ampli®ed cDNA
Ampli®ed cDNA was puri®ed using the QJ Aquich PCR Puri®cation Kit (Qiagen), precipitated with ethanol and dissolved in milliQ water to a ®nal cDNA concentration of 100 ng/ml. An aliquot (1 ml) of this solution containing~100 ng cDNA was mixed with 1 ml of 4Q hybridization buffer and 2 ml of milliQ water, overlaid with mineral oil, denatured at 98°C for 3 min and allowed to renature at 70°C for 4 h. DSN treatment was performed as described in the section entitled First-strand cDNA normalization'.
After DSN inactivation, milliQ water was added to the reaction mixture to a ®nal volume of 40 ml. An aliquot (1 ml) of the resulting solution was used for PCR with the CapM primer. The PCR mixture (25 ml) contained 1Q Advantage 2 Polymerize mix (Advantage 2 PCR Kit, Clontech), 1Q reaction buffer (Advantage 2 PCR Kit, Clontech), 200 mM dNTPs and 0.3 mM N Ä apM primer. Twenty PCR cycles (95°C for 7 s, 65°C for 20 s, 72°C for 3 min) were performed.
Normalization of ampli®ed cDNA from A.californica
Ampli®ed Aplysia cDNA was puri®ed using a QJ Aquich PCR Puri®cation Kit (Qiagen), precipitated with ethanol and dissolved in milliQ water to a ®nal cDNA concentration of 100 ng/ml. An aliquot (1 ml) of this solution was utilized for normalization. Hybridization and DSN treatment were performed as described in the previous section, but at a modi®ed hybridization time of~6 h. Following DSN inactivation, milliQ water was added to the reaction mixture to a ®nal volume of 40 ml. An aliquot (1 ml) of the resulting solution was used for PCR with CapM-T-RSA (5¢-AAGCAGTGGT-ATCAACGCAGCGCAGTCGGTACTTTTTTTTTTTTT-3¢) and CapM-St1RsaM (5¢-AAGCAGTGGTATCAACGCAG-CCGACCTCTCACCGAGTACG-3¢) primers to introduce the same sequences to the cDNA ends. The PCR mixture (50 ml) contained 1Q Advantage 2 Polymerize mix (Clontech), The resulting product was subjected to`regulation of the average PCR product length', as described by Shagin et al. (25) . The ampli®ed product was diluted ®ve times with milliQ water. An aliquot (1 ml) of the solution was employed for reampli®cation with the CapM primer. The PCR mixture (50 ml) contained 1Q Advantage 2 Polymerize mix (Clontech), 1Q reaction buffer (Clontech), 200 mM dNTPs and 0.3 mM CapM primer. Ten PCR cycles (95°C for 7 s, 65°C for 20 s, 72°C for 3 min) were performed.
Virtual northern blotting
Virtual northern blotting was performed as described by Franz et al. (26) . Normalized and non-normalized skeletal muscle cDNA samples were resolved on agarose gels and transferred to Hybond-N membranes (Amersham). Gel electrophoresis and subsequent membrane transfer were performed according to standard protocols (27) . Hybridization was performed with an optimized low-background protocol (28) using 32 P-labeled gene-speci®c probes generated with Human Amplimer Sets (Clontech). The Prime-a-Gene Labeling System (Promega) was used for labeling.
Hybridization and PCR analysis of bacterial colonies
Normalized and non-normalized skeletal muscle cDNA samples were cloned into the pGEM-T-easy vector (Promega) according to the manufacturer's instructions, and used for Escherichia coli transformation with the Bio-Rad Micropulser. For screening, colonies were grown on duplicate nylon ®lters and hybridized with 32 P-labeled gene-speci®c probes (prepared as described above) according to standard protocols (27) . Frequencies of the corresponding cDNA sequences in the libraries were calculated from the number of positive colonies observed among 7000±84 000 colonies from each library (depending on the gene).
For PCR analysis of the insert size distribution, 106 white colonies from each library were randomly picked and grown in 150 ml of Luria±Bertrani broth with ampicillin. One microliter of the bacterial cultures was used for PCR with standard M13 primers. PCR products were visualized on a 1.5% agarose gel, following ethidium bromide staining, alongside a 100 bp DNA ladder (Gibco-BRL). Sizes of the plasmid inserts were calculated, ranged and used for diagram drawing.
Aplysia californica EST sequencing and analysis
The products of non-normalized and normalized cDNA ampli®cation were ligated into a pGEM-T vector (Promega) following the manufacturer's protocol, and transformed into E.coli (JM109) cells. Ligation volumes and number of transformations were appropriately selected to ensure that 50 000 recombinant bacterial colonies were obtained for nonnormalized (CNS_MCC) and normalized (CNS_MCC_N) libraries. Inserts in recombinant plasmids from randomly picked clones were sequenced. A total of 1150 raw sequences were collected from each library, resulting in 1121 nonvector expressed sequence tag (EST) sequences for the nonnormalized library and 1130 sequences for the normalized one. Sequences obtained were submitted to DDBJ/EMBL/ GenBank with accession numbers BF707524±BF708380, BF713631, BF713632, BI273615±BI273627 for sequences from the CNS_MCC library and CK327631±CK328797 for sequences from the CNS_MCC_N library, except 247 sequences from the non-normalized library and two sequences from the normalized library that corresponded to ribosomal RNAs. In the submitted set, direct and reverse sequences for 39 CNS_MCC_N clones were deposited separately.
Sequences were compared using SeqMan II software with the following construction parameters: match size, 50; maximum added gap length in contig, 20; maximum added gap length in sequence, 20; minimum match percentage, 90; maximum register shift difference, 10; last group considered, 2; gap penalty, 0.00; gap length penalty, 0.70; and consensus threshold, 75. The observed frequency distribution data were ®tted to the Poisson distribution using software available online (at http://faculty.vassar.edu/lowry/poisson®t.html). Sequences were compared with the National Center for Biotechnology Information (NCBI; Bethesda, MD) nonredundant nucleotide database using the BLAST web service at NCBI (http://www.ncbi.nlm.nih.gov/BLAST).
RESULTS
Normalization strategy
The DSN normalization method involves the denaturation± reassociation of cDNA, degradation of the ds fraction formed by abundant transcripts and PCR ampli®cation of the equalized ssDNA fraction. The key element of this method is the degradation of the ds fraction formed during reassociation of cDNA using the DSN enzyme. A number of speci®c features of DSN make it ideal for removing dsDNA from complex mixtures of nucleic acids. DSN displays a strong preference for cleaving dsDNA in both DNA±DNA and DNA±RNA hybrids compared with ss DNA and RNA, irrespective of the sequence length. Moreover, the enzyme remains stable over a wide range of temperatures and displays optimal activity at 55±65°C (23) . Consequently, degradation of the ssDNA-containing fraction by this enzyme may occur at high temperatures, thereby avoiding loss of transcripts due to the formation of secondary structures and non-speci®c hybridization involving adapter sequences.
We developed DSN normalization for both ®rst-strand cDNA [when poly(A) + RNA is available] and ampli®ed cDNA (when only total RNA can be obtained).
First-strand cDNA normalization
A scheme of the ®rst-strand cDNA normalization procedure is depicted in Figure 1 . The strategy includes preparation of ®rst-strand cDNA and its normalization by reassociation in the presence of mRNA initially used for ®rst-strand cDNA preparation. Such RNA is postulated as the ideal`driver' for normalization, since it re¯ects the complexity of ®rst-strand cDNA (8) . Following reassociation, DNA in DNA±RNA hybrids is degraded by DSN. The remaining ss cDNA fraction is ampli®ed by PCR.
Suitable cDNA for this procedure should contain known anking sequences for subsequent PCR ampli®cation. This ®rst-strand cDNA may be prepared in several ways, including using the oligo-capping method (2), the Cap-Trapper method (4) and the template-switching effect approach (SMARTÔ) (6, 29, 30) . We selected the SMARTÔ method as a popular and simple way to prepare cDNA enriched with full-length sequences. This approach makes it possible to attach the same synthetic adapter sequence to both 5¢ and 3¢ ends of cDNA during synthesis.
Normalization of ampli®ed cDNA
In a number of cases, the initial amount of biological material is limited, and only total RNA is available. For these situations, we modi®ed our technology for ampli®ed cDNA normalization: ds cDNA is denatured and subsequently allowed to rehybridize. Following reassociation, the ds DNA fraction (formed by mostly abundant transcripts) is degraded by DSN and the equalized ss fraction is ampli®ed by PCR.
Hybridization
Similar to the majority of the previously described methods, DSN normalization is based on second-order solution hybridization kinetics. We used standard hybridization conditions well proven in the suppression of subtractive hybridization (20, 21) .
Additional enrichment of full-length sequences
PCR has a recognized tendency to amplify shorter fragments more ef®ciently than longer ones. This may result in the loss of rare long transcripts during PCR and a reduction in the average cDNA length. The use of a`long and accurate PCR system' (31) provides only a partial solution to this problem. To effectively increase the proportion of long fragments in the cDNA sample, we incorporated a previously developed procedure for regulation of the average length of the complex PCR product (25) in our normalization protocol.
Normalization of skeletal muscle cDNA
The new method was evaluated by normalizing cDNA from the human skeletal muscle. SMARTÔ-prepared ®rst-strand cDNA and ampli®ed cDNA were used for DSN normalization (see Materials and Methods for details). The normalized cDNA samples obtained were compared with non-normalized SMARTÔ-prepared ampli®ed skeletal muscle cDNA. Analysis of the normalized samples on an agarose gel revealed that the bands corresponding to abundant transcripts disappeared, while the average length of cDNA remained unchanged (Fig. 2) .
The ef®ciency of equalization and transcript integrity were systematically assessed by virtual northern blotting (Fig. 3) and colony hybridization (Table 1 ) of normalized and nonnormalized cDNA samples with radioactive labeled fragments of several marker genes. A sharp decrease in the representation levels of abundant transcripts (GAPD, UBC, ACTB) was observed in normalized cDNA samples compared with nonnormalized samples. The concentrations of the intermediate transcripts (RPL13A, YWHAZ, RPS9) did not change signi®c-antly in a sample obtained by normalization of ampli®ed cDNA (AN), but decreased in a sample obtained by ®rst-strand cDNA normalization (FN) . Surprisingly, a 3-to 4-fold increase in the concentrations of rare transcripts (NFKB1, IGF2R, JUNC) was observed in the FN cDNA sample, whereas the representation levels of these transcripts were not affected in the AN sample. Moreover, virtual northern blot hybridization studies showed that the transcript lengths in normalized cDNA samples were similar to those in non-normalized cDNA.
The preservation of the average insert size in the normalized AN and FN libraries in comparison with the non-normalized one was additionally con®rmed by PCR of the 106 randomly picked clones from each library with standard plasmid primers. Insert sizes were calculated and used for diagram drawing (Fig. 4) . We found that insert size distribution is not appreciably altered during normalization.
DSN normalization of ampli®ed cDNA from Aplysia's neurons
Representative ampli®ed cDNA was prepared from several giant metacerebral cells that were acutely isolated from the CNS of the sea slug A.californica using a suppression PCRbased method suitable for cDNA preparation from small amounts of starting material (24, 32) , and subjected to normalization following the protocol for ampli®ed cDNA, with one modi®cation. Speci®cally, since this cDNA was anked by different adapter sequences, we performed the additional PCR step to introduce same adapter sequences into cDNA molecules. This allows facilitation of regulation of the average length of the PCR product (25) . Non-normalized and normalized cDNAs were used for preparation of the nonnormalized (CNS_MCC) and normalized (CNS_MCC_N) cDNA libraries. Next, 1150 randomly picked clones were sequenced from each library. Following elimination of vectoronly sequences and unreliable data, 1130 clones (representing 1080 non-overlapping sequences) were collected from the normalized CNS_MCC_N library and 1121 clones (representing 745 non-overlapping sequences) were collected from the non-normalized CNS_MCC library. Among sequences collected from the normalized library, 1034 appeared only once, while 46 appeared more than once (43 appeared twice, two appeared three times and one appeared four times).
Analysis of the sequences obtained from the nonnormalized CNS_MCC library revealed several cDNA types that were represented more frequently than the others. For example, 101 sequences corresponded to 16S mitochondrial rRNA, 108 to 18S rRNA and 31 to 28S rRNA (see Table 2 for the most represented sequences in the non-normalized library). To con®rm normalization ef®ciency, we tested for cDNA sequences that were redundant in the non-normalized library. The occurrence of these sequences was signi®cantly diminished after normalization (Table 2) .
Poisson statistics allows the approximate estimation of the total complexity (i.e. the total number of different sequences) of the library. Our data displayed the best ®t to a Poisson distribution, with a mean m of 0.09. Thus, a value of~13 000 unique clones was calculated for the normalized Aplysia library. This value is in agreement with the expected total number of different mRNA types in certain mollusc neurons.
DISCUSSION
The DSN normalization method works ef®ciently with both ®rst-strand cDNA and ds ampli®ed cDNA prepared using two different protocols. The sizes of individual cDNA sequences remain unchanged with this procedure. Consequently, the method may be used effectively for samples enriched with full-length cDNA sequences. Our technology appears to be considerably simpler than most normalization methods reported to date. DSN normalization is a highly ef®cient procedure. In model experiments, the representation levels of abundant transcripts essentially decrease to those of rare transcripts. Theoretically, if~10 000±20 000 mRNA types are present in a sample, the levels of abundant genes should decrease by one or two orders of magnitude after equalization, the representation level of genes of medium abundance should decrease several-fold or remain the same, and the concentration of rare genes should increase~3-fold. As a result, the representation level of each gene in an ideally equalized library should be~0.01% (33) . This prediction is generally consistent with data obtained from our experiments, particularly in the case of ®rst-strand cDNA normalization. Moreover, in this case, the representation levels of several abundant transcripts are even lower than those of mRNA that was originally rare. We propose that this is due to the additional removal of abundant transcripts during DSN treatment. DSN cleaves DNA molecules in DNA±RNA hybrids, but does not affect RNA molecules. Therefore, as the DNA molecules within these hybrids are hydrolyzed, RNA molecules are released. These`recycled' RNA molecules hybridize with corresponding abundant ssDNAs that remain within the solution, thereby causing further degradation. Normalization of ampli®ed cDNA is less ef®cient than that of ®rst-strand cDNA, but also results in a considerable decrease in the abundant transcript concentrations. This procedure will undoubtedly aid rare transcript discovery when only limited amounts of total RNA are available for manipulation. 
